Abstract: The design and development processes of complex technical systems are important to the competitiveness of enterprises. These processes are characterised by high creativity and strong non-deterministic dynamics spanning different disciplines, relying on cooperation of different organisations. To successfully support these cooperative activities, methods of experience management are needed. This paper describes the capturing of process and product traces in an ontology-based Process Data Warehouse (PDW). These traces can be processed and reused in further development and cooperation cycles. The concept of the PDW has been evaluated in an engineering case study in the domains of chemical and plastics engineering.
INTRODUCTION
The process of designing and developing complex technical systems engages various experts from different domains who need to cooperatively complete their tasks. They are confronted with strongly creative activities that can only be sensibly executed based on experience gathered from earlier projects. The complexity of their tasks stems from the many degrees of freedom in designing the technical structures, such as the use of utilities like different design and simulation tools, and the planning and distribution of resources, e.g. personnel. In such a creative engineering process, any restriction of the experts in their options would greatly affect their productivity and might even lead to project failure. Today, these tasks frequently involve experts from several disparate disciplines, e.g. computer science, electrical and mechanical engineering, and control engineering. Their collaboration is usually based on informal structures, disallowing most of the common approaches of information technology-based support. In the case of cooperative processes that span multiple companies, aspects like organisational boundaries, incongruous work processes, and intellectual property protection create additional complexity. These complex and non-deterministic work processes need to be supported by thorough and integrated information science systems, as companies can still achieve large savings of time and cost in the area of conceptual design. Presently, the possibilities of such support are widely being researched in computer science.
Solutions have been established so far mainly for deterministic work processes. They are often found in the domains of business, economics or management. Nevertheless, these solutions cannot be directly transferred due to the non-determinism found in complex technical design processes. These design processes involve an intricate interplay of eliciting and synthesising complex requirements or solution possibilities, analysing the alternative models by simulations and other methods, and deciding on alternatives to be realised, by discussing the analysis results. The software environments currently found in these areas are usually very heterogeneous. Each tool has been developed for a separate step of these processes, yet these software tools are seldom able to cooperate.
While these tools are able to support the evolution of product data, only a few tools offer further process support. It is important not to separate the products or artefacts created as part of these design processes -documents, diagrams and others -from the processes themselves. Any kind of integrated support needs to take both aspects of products and processes into account. Yet the design processes described in this paper are not sufficiently well understood to apply prescriptive and deterministic approaches to process support. They usually involve activities of multi-objective decision-making based on incomplete information. This is especially true for the early phases of conceptual design in chemical engineering as treated here which only allow qualitative conclusions about processes and process quality.
On this background, the aim of the research presented here is to improve the work situation of the system developers participating in these design and development processes. The authors of this paper have developed the concept of the Process Data Warehouse to allow the tracing and reuse of complex engineering design processes. It is introduced here, stressing the aspects of intra-and crossorganisational cooperation.
SUPPORTING COOPERATIVE DESIGN PROCESSES
As already mentioned, the software environment used for complex design and development processes, is usually put together by tools from different disciplines, vendors, and usage paradigms. Each of these tools is normally based on its own proprietary model and contains only some generic import and/or export functions. A unified access structure that would allow to access all the resources and results over the full lifetime of a project is generally missing. Interdisciplinary cooperation requires to transfer information from one expert to another -and thus, from one tool to another, or by re-entering data into a new tool.
All these work processes, including the correct and 'optimal' usage of the tools themselves, are based on the experts' experience only. It is often necessary to transfer this tacit knowledge from one expert to another. This transfer normally requires a long-term process which prominently consists of more or less successful trials and errors.
Problems may also appear that cannot be solved by the experts inside a certain company, part of the process then needs to be delegated to another company. Because of all these problems, it would be helpful to offer fine-grained computer and information science support to the experts working on such non-deterministic processes. Here, some approaches for unified product data management, experience management and reuse, work process management, and cross-organisational cooperation will be introduced.
During the last decade, many manufacturing enterprises have implemented Product Data Management (PDM) systems, and/or their extended successor of Product Lifecycle Management (PLM). Their aim is to integrate the manufacturing processes (usually CAM/CIM-based) with product design activities on the one hand, and Enterprise Resource Planning (ERP) processes on the other hand. Yet most of these existing systems still lack essential aspects needed for supporting phases of conceptual design, e.g. knowledge or experience management. Some more recent approaches exist to extend these systems by integrating concepts of artificial intelligence (see Kim, et al., 2001) , or by using ontological models and tools (see Gao, et al., 2004) . For some time, however, it has been known that experience and understanding of one's own work is necessary to enable process evolution and improvement (Humphrey, 1990) . This insight has resulted in several approaches based on the basic concept of experience reuse. Many approaches to the problem of experience and knowledge management are based on the concept of organisational memory, as described by Conklin (1993) . The authors of the TAME project (see Basili, et al., 1994 ) propose a process model for supporting creative software development processes: the Experience Factory approach. Some other research approaches exist in the area of engineering design processes (e.g. Grabowski, et al., 2001 ) based on the storing of knowledge and contact information of experts who know more about it, in a corporation-wide experience portal.
Among Workflow Management Systems (WFMS), the 'Adaptive and Human-Centred Environment for the Administration of Development Processes' (AHEAD, Heller, et al., 2004) , is a workflow management system specifically designed to support creative design processes on a coarse-grained administrative level. An important research project to support the cooperation on the level of business agreements is 'Negoisst' (see Schoop, et al., 2003) which drives electronic negotiations between potential contract partners. It uses a three-phase state model to represent the different phases and steps of a contract negotiation. It also enables the tracing of the final results and their intermediate steps.
DATA WAREHOUSES FOR PROCESS TRAC-ING AND COOPERATION SUPPORT

PROCESS TRACING
Beyond the approaches described so far, there is the need of integrated technical support for the early phases of creative system design, specifically concerning complex technical systems. Therefore, the authors' research group has examined the possibilities offered by recording and reusing the traces of work processes in technical design. The projects have been performed as part of the DFG-funded Research Centre on Cooperative Computer-Aided Process Engineering (SFB 476 IMPROVE, Marquardt and Nagl 2004) which started in 1997. The research deals with the product-based view as well as the concepts of direct process support, partially investigated in previous projects. It has led to supporting creative design and development processes by integrated method guidance (see Pohl, et al., 1999) . These views have been extended and adapted to the domain of process engineering. This strategy resulted in the model of the Process Data Warehouse (PDW). It captures and analyses the traces of design processes: products, process instantiations and their interdependencies (see Jarke, et al., 2000) . The main concept has been to capture the artefacts (i.e. the properties of the technical system) to be designed and modified during the processes, and to relate them to the processes which perform these modifications. From these semantically structured product and process traces, the relevant information can be extracted in an analysis step, and then reused in further process executions. This information can be presented to the experts as experience knowledge in order to solve the problems of later development cycles more easily, efficiently, and autonomously. To enable traceability, first of all the conceptual relations between products, processes and their dependencies need to be examined. Therefore, in Ramesh and Jarke (2001) , the traceability reference model shown in Fig. 1 was abstracted from a large number of industrial case studies. This model distinguishes between product-oriented and process-oriented trace objects.
The product-oriented traces describe the properties and relationships of concrete design objects. A highlevel object defines some goal or constraint that needs to be satisfied by a number of product objects on a more fine-grained level of modelling. This implies dependencies (depends-on) between these lower-level objects which also comprise the special cases of generalisation and aggregation.
The process-oriented traces represent the history of actions that led to the creation of the product objects. Two link types exist between those process objects: evolves-to which describes the temporal evolution of a lower-level design object towards a higher level, and rationale which captures the reason for this evolution. The integrated presentation of the product and process traces in this 'onion-shell' meta model symbolises the fact that they cannot be reasonably separated as one strongly depends on the other.
When an expert needs to solve a certain problem, the current process and product situation is analysed by the PDW to find matching solutions from the recorded (and possibly analysed) traces. If an adequate method or product fragment is found, it can be offered to the expert for reuse through a guidance mechanism. Yet it is his own decision whether to adapt and use this information, to request more details, or to discard it. It also has to be recorded whether the problem was successfully solved, and how far the process support provided was appropriate, as a final feedback information. By using this information the system and the support it offers, can be evaluated and improved.
The Process Data Warehouse
The Process Data Warehouse (PDW) has been defined as a knowledge-based metadata repository for tracing and driving heterogeneous work processes in engineering. It stores the history of processes and products to enable experience reuse with the aid of situated process support. Based on the well-known concept of Data Warehousing (see Jarke, et al., 2003) , the PDW has been designed to incorporate the process aspect. Beyond this integration of product and process data, the necessary flexibility has been achieved by building the system on top of loosely connected partial models. Thus the conceptual model of the PDW is composed of a number of partial models or ontology modules which are held together by a central model, the so-called Core Ontology.
The recording of product information is normally realised inside the tools contained in a development environment. Special steps need to be taken for recording and relating process traces and their supplementary information like arguments and decisions. It is necessary to enrich the application environment with tools to enable a consistent automated and partially manual trace capture. Over the last decade, the authors' research group has developed the processintegrated development environment PRIME which implements the vision of integrating development tools, product data, process guidance and trace capture. The concept of process integration was derived from the idea of process-centred environments (PCE, see Dowson and Fernström 1994; also Pohl, et al., 1999) .
The PDW records the development traces based on the concepts offered by the partial models for processes, products and application domains. In this way the information from diverse tools, workplaces and disciplines is integrated into one central storage.
Other external data sources and repositories are indirectly integrated, with the PDW taking the role of a semantic data mediator. The models are based on ontological concepts and modern ontology-and logic-based languages. Thus experience traces can be found and then reused.
The Conceptual Framework of the Process Data Warehouse
As already mentioned, the conceptual model of the Process Data Warehouse is based on a set of loosely connected partial models. These are interconnected through the Core Ontology which comprises the process models, the product and dependency models, models for decision support and documentation, for the description of content and categorisations, and other integration models. Around these fundamental and domain-independent models, extension points are placed that can be used to add the models of a specific application domain or other specialisations. Theses models are explicitly implemented in a modelling language similar to the realisation of ontologies as part of the semantic web effort (RDF, OWL; see Bechhofer, et al., 2004 ). The concrete data is then stored as instances of the appropriate concepts. This allows modifications and extensions of the partial models used, even during process execution. • The product area (top) contains basic models for the artefacts created or modified during the design processes -documents, document versions, and their structural composition.
• The descriptive area (left) contains basic concepts for describing the content or role of documents and products on a high semantic level. This includes content descriptions, sources, and categorisations which are grouped into categorisation schemes. Type definitions are also placed here that characterise e.g. a large number of products that have been created from the same template.
• The process area (bottom) contains the concepts needed to describe the process steps which produce or modify the artefacts. This comprises process definitions which can be enacted (method fragments), process traces resulting from enactment, and the users who guide the enactment.
• In the storage area (right), external stores and repositories are integrated into the PDW. This applies to document management systems, databases, external tools, and others.
Dependencies have been introduced as a global concept to enable specialised relations between elements independent of their concrete relationships. They are also described in the traceability reference model in section 3.1.
Three primary relationships between the elements of the partial models are shown in the figure. DescribedBy relates the product objects with descriptive elements that describe their type, content or category; storedAt represents the storage of products and documents in physical places like file systems or repositories; and usedIn describes how the product objects are created, used and modified by the users in process steps. More about the Core Ontology and the embedding of domain models can be found in Brandt, et al. (2005) and Brandt, et. al. (2006) .
Applications of the PDW
The PDW offers an integrated access structure onto the product and process artefacts and traces of engineering design processes. Additionally, it was developed for application in three major use cases which will be described in this section. In all cases, product information from the various tools is recorded in, or retrieved from the PDW. In parallel, the process information about who did what, and possibly why, is traced inside the PDW as well.
Intra-Organisational Cooperation
Users inside the same organisational context cooperate to achieve a common goal, usually completing a project. Usually, different tools are used for the different steps of the work process. The PDW guides and drives the transfer of development product information from the expert to a colleague working on the same project at the same time.
Experience Reuse In a different design project, possibly an altered organisational context, an expert reuses recorded information by searching the PDW via its front-end. Older, or recurring traces can be searched for with the help of a query language that is based on the semantic relationships of the PDW's integrated partial models. This also offers the possibility of analysing the data to detect recurring fragments. Fine-grained process support can then be offered to the user by guiding him or her through these fragments, or even enacting them in the process engine of the process integrated environment (see PRIME in section 3.2).
Cross-Organisational Cooperation
Information often needs to be passed to a cooperation partner, based on strict rules of intellectual property and need-to-know. Besides the problems of business agreements, communications and the technologies for information transfer, other aspects need to be addressed here. The cooperation partner may only be allowed a restricted and well-controlled view onto the repository.
To define such a view on the side of the contractee, cooperative discussions among the experts are necessary. Here, the reuse of these traces in later cooperation cycles is enabled by recording the discussion results, decisions taken and their arguments, and the data to be transferred, into the PDW. As a last part of the cooperation process, the information returned from the contractor needs to be reviewed, discussed, and then integrated into the project flow through the PDW's repository.
A CASE STUDY IN CHEMICAL ENGINEERING
This section describes the authors' approach to realise a Process Data Warehouse (PDW) in the context of chemical engineering. The approach was developed according to the requirements of a concrete scenario. During an industrial workshop in cooperation with several German partners (e.g. Bayer AG), a case study was developed which describes the development of a plant for the production of polyamide 6 (a widely used nylon). The scenario describes the hydrolytic polymerisation of polyamide 6 out of the monomer ε-caprolactame (Nagl, et al., 2003) . The polymerisation domain has been chosen because mature design support tools are still missing here. This stands in contrast to other engineering domains, e.g. petrochemical processes, or car design. Therefore, tool integration and work process support are of considerable interest for both end users and the software vendor industries. In this paper, we concentrate on a certain aspect in the design process where the domains of chemical (process) and plastics engineering meet. This allows aspects of cross-organisational cooperation to be researched and applied.
Delegating the 3-Dimensional Simulation
The initial tasks of the development process include the design of a coarse-grained flowsheet which can be used for further refinement and simulation tasks. An initial process element is refined into three connected process steps: a reaction, a separation, and a compounding unit. The compounding employs closely intermeshing, co-rotating twin screw extruders for pelletising the final product and degassing any residue of the input monomer. During the scenario, several simulations are run to determine the mixing quality of this extruder at different rotational speeds. This is necessary to ensure the even distribution of the added fillers and fibres inside the finished product. A certain, completely filled section of the extruder needs to be simulated using the 3-dimensional modelling technique of the Boundary Element Method (BEM) (Haberstroh and Schlüter, 2001 ).
The Process Data Warehouse (PDW) can be used here to help finding the necessary prerequisites. The designed realisation of the extruder needs to be analysed in reference to earlier projects. If an identical realisation was already examined in an earlier simulation, it may be possible to reuse the results. If the examination of a similar realisation was delegated before to an external company, and the results of it were acceptable, the same delegation partner may be sensibly used again. In the scenario at hand, it is decided to delegate this simulation to a certain external contractor.
To discuss the task and its requirements, and to agree on aspects like expenses and delivery dates, the aforementioned Negoisst system may be used (see Schoop, et al., 2003) . On the contractee's side, the PDW as data mediator and integrated data storage should already contain all necessary information in an explicit form. Using the conceptual object of the extruder as stored in the PDW, the semantic repository browser allows the user to browse and navigate through its database. Starting from this object, all other connected instances can be browsed, searched for, and displayed. The different types of relationships and dependencies, including generalisation and specialisation, can be followed. In Fig. 3 , the instances, their relationships and their attributes can be seen in the UML static structure notation of the PDW front-end.
Based on the results of this semantic navigation, a concrete view can then be defined that includes all the displayed and/or selected elements. As shown in Fig. 3 , it contains the extruder and some related concepts. The selected concept instances (all except the separation on the left of the figure) are highlighted with a dashed frame. The navigation path and the processes that led to this view, and the view itself, are recorded in the PDW as traces. This includes decisions about why to include or exclude certain data.
Instead of navigating through the concepts and relationships to determine the data for transferral, an older view (possibly from a different project) can also be searched for in the experience base. The scenario ends with the discussion of the information returned from the contractor, possibly via remote video conferencing.
CONCLUSIONS AND OUTLOOK
The concepts described here deal with capturing product and process traces in a Process Data Warehouse (PDW). Its main aspect is the information and knowledge transfer between experts working collaboratively on the same or a similar creative design project. The concepts have been applied in the case study of designing a plant for the production of polyamide 6 (nylon) by hydrolytic polymerisation. The results of this case study are presently being transferred by the authors into several industrial application areas.
Specifically in the domain of chemical engineering, the workflows of the full plant life cycle are going to be examined, from the design phase through plant operation, modifications and redesign or reengineering. The 'freezing' and later restarting or continuing of design processes is also to be researched.
